• Here the mechanism of arsenite transport into paddy rice ( Oryza sativa ) roots, uptake of which is described by Michaelis-Menten kinetics, is reported. A recent study on yeast ( Saccharomyces cerevisiae ) showed that undissociated arsenite (its pK a is 9.2) was transported across the plasma membrane via a glycerol transporting channel. To investigate whether the same mechanism of transport was involved for rice, competitive studies with glycerol, which is transported into cells via aquaporins, were performed.
Introduction
Studies on the kinetics of arsenic uptake into plant roots have focused almost entirely on arsenate as this is the dominant form of plant available arsenic in aerobic soils (Meharg & Hartley-Whitaker, 2002) . In anaerobic soils arsenate is readily reduced to arsenite (undissociated arsenious acid, H 3 AsO 3 ) (Abedin et al ., 2002a) . Paddy rice ( Oryza sativa ) is the staple food for regions of the world such as Bangladesh, West Bengal, China, Taiwan and Thailand, which suffer from elevated arsenic in soils and groundwaters (Abedin et al ., 2002a) . Rice straw, which is fed to cattle, can accumulate high levels of arsenic (Abedin et al ., 2002b) . Paddy rice growing on arsenic contaminated soils in China had high arsenic levels in grain (Xie & Huang, 1998) . In Bangladesh, the worst affected country with respect to arsenic contamination of groundwaters (Abedin et al ., 2002a) , 73% of calorific intake by the population is from paddy rice (del Ninno & Dorosh, 2001) . Surveys from Bangladesh show that irrigation with arsenic contaminated groundwater is leading to the elevation of arsenic in paddy soils (Alam & Sattar, 2000) . Knowing how arsenite is taken up by rice plants in anaerobic paddy soils is important for understanding the accumulation and metabolism of arsenic by rice, and is the starting point for developing strategies (either breeding or molecular engineering) for reducing arsenic uptake by rice.
It has recently been shown in paddy rice for the first time, for any plant species, that arsenite is taken up at high rates of influx, following Michaelis-Menten kinetics (Abedin et al ., 2002a) . Similarly, although arsenite efflux has been widely studied in bacteria and yeasts (Silver & Phung, 1996; Rosen, 1999) , little attention has been paid to arsenite influx. The first mechanistic study of arsenite uptake by microorganisms, the yeast Saccharomyces cerevisiae , found transport of arsenite, with this transport facilitated by a glycerol transporting channel, which belongs to the major intrinsic protein (MIP) family (Wysocki et al ., 2001) . MIPs transport water and solutes and are ubiquitous in bacteria, fungi, plants and animals. These MIPs are also considered to be aquaporins (Maurel, 1997) .
MIPs/aquaporins are expressed in high concentrations in rice roots (Li et al ., 2000) , as in the plasma membrane in roots of other species (Biela et al ., 1999; Otto & Kaldenhoff, 2000) . They have six membrane-spanning domains (Maurel, 1997) . Water moves into plant roots via aquaporins (Biela et al ., 1999) , though additional roles for aquaporins have also been postulated such as uptake of small uncharged nutrient molecules such as boric acid and urea (Dordas & Brown, 2001 ). Arsenite has a pK a of 9.2, and exists as a small uncharged species at neutral to acidic pHs (Meharg & Hartley-Whitaker, 2002) .
This study investigates the mechanisms of arsenite uptake into paddy rice roots. Glycerol is transported by aquaporins (Biela et al ., 1999; Dean et al ., 1999) , and we investigated the competition between arsenite and glycerol for uptake into rice roots. Uptake of arsenite in the presence of antimonite, an arsenite analogue (Wysocki et al ., 2001) , was also investigated. A number of plant aquaporins, though not all, are reported to be inhibited by Hg 2+ (Biela et al ., 1999) , and the effect of Hg 2+ on arsenite transport was ascertained for rice roots. To investigate whether other plant species also transported arsenite, influx was determined in pea ( Pisum sativum ) and wheat ( Triticum aestivum ).
Materials and Methods

Plant growth
Rice ( O. sativa L.) seeds, the Bangladeshi variety BR11 used in previous studies (Abedin et al ., 2002a,b) , were germinated on moistened filter paper placed within a Petri dish. On emergence of the radical, the plants were transferred to 100 mL, blue opaque, polypropylene beakers, filled with 80 mL of distilled water which had a layer of black alkathene beads floated on top. The beads supported the rice. The rice plants were allowed to grow for 1 week. No nutrient salts or other osmoregulants were added to the distilled water as these may have altered arsenite transporter regulation in an unknown manner. After 1 wk growth, roots were excised at the basal node and used in transport assays. Pea and wheat roots were also produced using identical protocols.
Transport assays
All reagents were purchased from BDH (Poole, Dorset, UK), and were of Analar grade or better.
Excised plant roots (15-50 mg f. wt) were placed into the bottom chambers consisting of 3 cm diameter X 5 cm long tubes with 0.5 mm nylon mesh glued to the base of each tube. The tubes were then placed into plastic boxes containing 1 l of incubating medium. The medium penetrated through the mesh at the base of the tubes, fully immersing the roots. The roots were continuously aerated with distilled water for 20 min at room temperature before transport assays. They were then transferred into aerated test solutions. Experimental treatments will be described below. The test solutions were adjusted to pH 7, using weak solutions of HCl or NaOH. After a set time (usually 20 min), the roots were quickly rinsed in ice cold distilled water, and then placed in aerated ice cold distilled water for 20 min This protocol was developed following tests to find the most appropriate assay conditions (see Table 1 , Fig. 1 ).
After the final wash, the roots were blotted dry with tissue paper and the fresh weight determined. Roots were then immediately transferred into digestion tubes and 2.5 ml of concentrated nitric acid added. The digest was allowed to stand overnight and then 2.5 ml of concentrated H 2 O 2 added. The tubes were then placed on a digestion block and heated at 100 ° C until frothing stopped, and then heated at 140 ° C until the solutions went clear. The tubes were then heated to 180 ° C to boil off the nitric acid. On cooling, the residue was taken up in 10 ml of solution containing 10% 5.7 0.6 *Excised roots were exposed to 0.1 mM arsenite for 20 min and then washed in ice cold solutions of distilled water and NaCl. Each mean is the average of three replicates. HCl, 2.5% ascorbic acid and 1% KI. This solution reduces the arsenate present in the digest to arsenite. Appropriate quality control (blanks and spiked samples) was included with the digests. After standing overnight to ensure complete reduction, the digest was analysed for arsenic using hydride generationatomic absorption spectrometry using a Perkin Elmer (Manchester, UK) FIAS 100 flow injection hydride generator interfaced with a Perkin Elmer AAnalyst 300 atomic absorption spectrometer.
Experiments conducted
Initial experiments were designed to determine the correct assay procedure for studying arsenite transport. These included finding appropriate wash conditions to remove surface adsorbed arsenite from rice roots (Table 1) , and time dependency for arsenite uptake (Fig. 1) . The test solutions used in these studies were made from 0.1 mM NaAsO 2 . This salt was also used in all other arsenite experiments.
From these experiments, distilled water was chosen as the wash solution and 20 min as the optimal time to look at short-term arsenite influx. These conditions were then used to determine concentration dependent uptake of arsenite over the high affinity range of uptake for rice (Abedin et al ., 2002a) . These experiments were also conducted for pea and wheat.
For glycerol inhibition experiments, test solutions had a range of glycerol concentrations and 0.1 mM arsenite. In this experiment, arsenate influx was used as a control and the arsenate added as NaH 2 AsO 4 , again at a concentration of 0.1 mM. To look at competition between arsenite and antimonite for uptake, influx of 0.1 mM arsenite at a range of antimonite concentrations, prepared from potassium antimonyl tartrate (C 4 H 4 KO 7 Sb), was determined. For mercury inhibition experiments, influx of 0.1 mM arsenate and arsenite at 0.01 mM and 0.1 mM Hg 2+ , as HgCl 2 , was assayed.
Results
Characterisation of uptake kinetics
In determining uptake kinetics it is important to distinguish between transport across the plasma membrane and adsorption to the root surface/free space. Initial experiments, where freshly excised roots of rice were exposed to 0.1 mM arsenite for 20 min, showed that washing in ice cold distilled water removed a significant portion of the root arsenic at termination of incubation in arsenite (Table 1) . Having an electrolyte (NaCl) present did not alter the amount desorbed from the root. As we hypothesised that arsenite was behaving as a water analogue, desorbing surface adsorbed arsenic in distilled water was appropriate (as confirmed by later experiments).
Time dependent uptake of 0.1 mM arsenite showed that influx was linear up to 30 min, and thereafter no further influx occurred. As arsenite is phytotoxic through binding with protein -SH groups, this cessation of influx after 30 min is probably due to toxicological inhibition. In subsequent experiments influx was determined at 20 min, which is within the linear range.
Short-term (20 min) concentration dependent uptake of arsenite influx showed that uptake followed saturation kinetics (Fig. 2) , and that the uptake data was well described by the Michaelis-Menten function (Table 2) , as first shown for rice by Abedin et al . (2002a) . Concentration dependent arsenite influx was described by Michaelis-Menten kinetics for pea and wheat (Table 2, Fig. 2 ). V max for rice and wheat (399 and 438 nmol g − 1 root f. wt h − 1 ) were similar, with the figure for pea being about half this value ( Table 2 ). The K m values for all three plants were within the same order of magnitude; 0.18, 0.34 and 0.51 mM for rice, pea and wheat, respectively.
Competition with glycerol and antimonite
Glycerol decreased arsenite uptake into rice roots in a dosedependant manner (Fig. 3) . Glycerol concentrations in excess Table 2 . Each point is the average of three replicates. Bars represent ± standard error of the mean. of arsenite concentrations were required to decrease arsenite influx. Potentially, high external concentrations of glycerol may cause osmotic stress to the plant. Arsenate influx was also determined as a control. At low glycerol concentrations arsenite influx was about three times greater than that for arsenate, but at the highest glycerol concentrations, influx rates were very similar. Arsenate influx was unaffected by glycerol except at the highest concentration (1000 mM). Arsenite influx is inhibited by glycerol indicating that they are taken up by the same system, and this uptake system did not take up arsenate. The data presented in Fig. 3 suggest that arsenite has a much higher affinity for the transport system than glycerol. Antimony is below arsenic in the periodic table, antimonite (Sb III) is similar in its chemistry to arsenite (As III), and thus antimonite may behave as an arsenite analogue. Antimonite is also undissociated (Sb (OH) 3 ) at neutral to alkaline pHs. Antimonite did compete with arsenite for uptake in a dosedependent manner. Uptake of 0.5 mM antimonite was reduced by 50% in the presence of 0.1 mM arsenite (Fig. 4) .
Competition with other substrates
Arsenite (0.1 mM) influx was unaffected by a range of ions and molecules including glucose, sodium chlorate, sodium chloride, sodium citrate, sodium nitrate and sodium sulphate (data not shown). It has previously been shown that arsenite transport is unaffected in the presence of phosphate (Abedin et al ., 2002a) .
Inhibition by Hg 2+
Some, but not all, aquaporins are sensitive to Hg 2+ , which inhibits water and glycerol uptake. When rice roots were exposed to 0.01 mM Hg 2+ , 0.1 mM arsenite influx was decreased with increasing dose compared with unexposed controls (Fig. 5) . At a Hg 2+ concentration of 0.1 mM, 0.1 mM arsenite influx was decreased by 75%. However, arsenate influx was affected in almost an identical manner, and we know that arsenite has an entirely different mechanism of uptake compared with arsenate. Thus, while Hg 2+ does inhibit arsenite uptake, it just as likely that this inhibition is due to general disruption of cellular physiology caused by the highly toxic Hg 2+ ion, rather than specific inhibition of aquaporins.
Discussion
We have shown here that glycerol competes with arsenite for uptake into rice roots. This is in agreement with the findings of Wysocki et al . (2001) for S. cerevisiae who showed that arsenite was transported across the plasma membrane via MIPs/aquaporins. Furthermore, they also showed that antimonite was transported into S. cerevisiae via aquaporins. As both antimonite and glycerol inhibited arsenite uptake into rice roots, we postulate that arsenite is transported across the plasma membrane via MIPs/aquaporins. Given that other small uncharged molecules such as boric acid and urea are also transported into roots via aquaporins (Dordas & Brown, 2001 ), the aquaporin model adequately describes arsenite uptake. Transport studies in heterologous expression systems, without and with rice aquaporins are the next obvious steps in the study of arsenite uptake.
Other explanations for our findings that glycerol inhibits arsenite transport is that (a) glycerol closes aquaporin channels (b) glycerol is causing general physiological stress, disrupting arsenite transport, or (c) high levels of glycerol rapidly down-regulate aquaporin channels. As glycerol is widely used to assay aquaporin activity (Biela et al., 1999; Dean et al., 1999; Zeuthen & Klaerke, 1999) , and is known to be a substrate for aquaporins, it is unlikely that glycerol causes the closure of aquaporins. Glycerol has a low phytotoxicity, suggesting that the root cells are not generally stressed by its presence. Also, as arsenate transport was unaffected by increasing glycerol concentrations this suggests that the root is not undergoing acute physiological (osmotic) stress. As for down-regulation of aquaporin channel activity, Li et al. (2000) showed that it took 6 h for aquaporin channels to disappear from rice roots after the onset of osmotic stress, and that the time course of aquaporin gene-expression matched the change in root turgor pressure. Thus it is likely that during the short exposure times (20 min) used in the experiments reported here that aquaporin transport activity would be relatively constant.
The mercury experiments presented here show that proper controls need to be in place before interpreting the findings of such experiments. Hg 2+ is known strongly to disrupt plasma membrane biochemistry (Patra & Sharma, 2000) , yet it is widely used to assay for aquaporin activity (Dean et al., 1999; Dordas & Brown, 2001; Matre et al., 2001) .
The fact that arsenite is taken up at a greater rate than arsenate has considerable implications for rice cultivation in arsenic contaminated soils. Arsenite is considerably more mobile in soils than arsenate, which shows poor mobility like its analogue phosphate. In addition, if arsenate levels are much lower than phosphate levels, phosphate is a much better competitor for uptake than arsenate (Meharg et al., 1994) . All these factors mean that the rate of arsenic accumulation in rice from contaminated soil may be greater for arsenite than arsenate. As arsenite is found at high proportions of total arsenic burden in paddy soils (Abedin et al., 2002a) , the presence of arsenite poses a considerable concern in rice cultivation systems. Given that vast areas of southeast Asia are under threat from arsenic contaminated groundwaters (Adeel, 2002) , and this contaminated groundwater is widely used to irrigate rice (Abedin et al., 2002a,b) , it is imperative that the physiology of arsenite uptake into rice is investigated further. Future studies should focus on varietal differences in arsenite uptake by rice roots to find out if it is possible to breed rice for reduced arsenite uptake. Perhaps different aquaporins have differing affinities for arsenite transport?
The results from this study show that arsenite uptake has to be considered for other crop species that grow on predominantly aerobic soils, such as pea and wheat. In aerobic soils there will exist anaerobic microsites where arsenite will be generated. Thus, the finding that arsenite can be transported into plant roots other than rice at high rates has implications where these crops are grown in the presence of elevated arsenic. Wheat, for example, is widely grown in Bangladesh, accounting for 9% of calorific intake by Bangladeshis (del Ninno & Dorosh, 2001 ).
